Protein phosphorylation is a major post-translational modification, which plays a central role in the cellular signaling of numerous biological processes. Mass spectrometry (MS) has been an essential tool for the analysis of protein phosphorylation, for which it is a key step to selectively enrich phosphopeptides from complex biological samples. In this study, a metal-organic framework (MOF) incorporated monolithic capillary has been successfully prepared as an effective sorbent for the selective enrichment of phosphopeptides and has been off-line coupled with matrix-assisted laser desorption ionization-timeof-flight mass spectrometry (MALDI-TOF MS) for efficient analysis of phosphopeptides. Using b-casein as a representative phosphoprotein, efficient phosphorylation analysis by this off-line platform was verified.
Introduction
Protein phosphorylation is one of the most common and most important post-translational modications (PTMs) in mammalian species, which plays a vital and important role in many biological processes, such as cell growth, migration, division, and intercellular communication.
1,2 Mass spectrometry (MS) has been an indispensable technique for proteomewide phosphorylation analysis due to its high sensitivity, high-throughput, feasibility for identication of phosphorylation sites and quantication of changes in phosphorylation states. However, it oen fails to identify phosphopeptides in complex peptide mixtures generated by phosphoprotein digestion because it oen suffers from low abundance of phosphopeptides, poor ionization efficiency, and signal suppression by high-abundance non-phosphopeptides. Therefore, selective enrichment is usually a critical step for the analysis of phosphopeptides from a complex peptide mixture.
3,4
To date, a number of approaches, including immunoprecipitation, [5] [6] [7] chemical coupling, 8, 9 ion exchange chromatography, [10] [11] [12] metal oxide affinity chromatography (MOAC), [13] [14] [15] [16] [17] immobilized metal ion affinity chromatography (IMAC) [18] [19] [20] [21] [22] [23] [24] [25] [26] and molecularly-imprinted polymers (MIPs), [27] [28] [29] have been developed for the selective enrichment of phosphoproteins/ phosphopeptides. Among them, IMAC is one of the most commonly used techniques for selective isolation of phosphorylated peptides from predominantly non-phosphorylated peptides due to fast response, low cost and easy handling. The principle of IMAC is that metal ions (e.g. Fe 3+ and Ti 4+ )
immobilized on supporting materials form coordination with phosphate ion at certain pH environment while the coordination is disrupted when an elution solution of ammonia solution is applied. The selectivity of IMAC toward phosphopeptides is based on the high affinity of the phosphate groups with the metal ions bound on sorbents through iminodiacetic acid (IDA), nitrilotriacetic acid (NTA), polydopamine or phosphate groups. 18, [22] [23] [24] [25] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In recent years, porous IMAC materials also have been widely applied in phosphopeptides researches due to its merits of large surface area, unique pore volume, and regular porous structure. because of their super high porosity, well-dened porous structure and super large surface areas. Recently, it has been reported that MOFs could function as sorbents for the separation and enrichment of phosphopeptides owing to the presence of plenty of Lewis acid sites. 56, 57 However, MOFs in its native format are not ideal materials since they usually require centrifugations at high speed during sample separation, which not only makes the enrichment process laborious and inconvenient, but also causes the undesirable loss of low-abundance phosphopeptides. MOFs-containing magnetic materials have been a solution to this issue. Magnetic microspheres modied with zirconium-based MOFs 58 and magnetic nanoparticles with iron-based MOFs 59 have been developed for phosphopeptides enrichment. However, MOFs in other formats for phosphopeptides enrichment have not been well explored.
Monolithic columns, [60] [61] [62] [63] which are dened as "continuous stationary phases that form as a homogeneous column in a single piece", have been efficient media for chromatographic separation and sample pretreatment. Monolithic capillary can provide several signicant advantages, such as ease of preparation, low cost, low back pressure, fast convective mass transfer, lower sample consumption, convenient online coupling to MS and easy post-modication. Particularly, monolithic capillary has been demonstrated to be an efficient and convenient platform for coupling with MS for proteomic analysis.
12,64
Therefore, MOFs in the format of monolithic column would be efficient media for separation and sample pretreatment. Recently, several MOFs-based monolithic columns have been reported. [65] [66] [67] However, they only focused on the separation of small molecules. To the best of our knowledge, there has been no report on phosphopeptides enrichment using the MOFsbased monolithic columns. Therefore, it is very necessary to develop MOFs-based monolithic columns for enrichment of phosphopeptides.
Herein, we synthesized a new MOF incorporated monolithic capillary and established a hyphenated approach of MOFsmonolithic capillary-based selective enrichment with matrixassisted laser desorption ionization-time-of-ight (MALDI-TOF) MS for highly efficient phosphorylation analysis. The synthetic procedure of the MOFs-based monolithic capillary is illustrated in Fig. 1A . It included two simple steps: (1) synthesis of MOFs (UiO-66); (2) preparation of MOFs-based monolithic capillary, in which UiO-66 was incorporated into a monolithic capillary. The porous structure of MOFs and the large amount of coordinated Zr(IV) endow the material with numerous functional spots for large enrichment capacity and high selectivity for phosphopeptides. In addition, the material structure format of monolithic capillary can provide nanoliter-scaled sample processing capability, online operation possibility and good reproducibility. Thus, the MOFs-based monolithic capillary could show its great potential in enrichment of phosphopeptides. By coupling this monolithic capillary with MALDI-TOF MS, a novel platform was established for efficient protein phosphorylation analysis. As depicted in Fig. 1B , the procedure of the approach included four steps: sample loading, washing, eluting, and MS analysis. The MOFs-based monolithic capillary exhibited excellent selectivity, superb tolerance to interference and simple operation procedure. Highly efficient phosphorylation analysis was demonstrated by the analysis of tryptic digestion of standard protein and nonfat milk.
Experimental

Materials
Trypsin, b-casein, bovine serum albumin (BSA), acetonitrile (ACN) and 2,5-dihydroxybenzoic acid (DHB) were purchased from Sigma-Aldrich (St. Louis, MO, USA). g-Methacryloxypropyltrimethoxysilane (g-MAPS), sodium hydroxide, poly(-ethylene glycol)diacrylate (PEGDA, average molecular weight 256), poly (ethylene glycol) (PEG, M n ¼ 200), triuoroacetic acid (TFA), ammonium hydroxide (25-28%), zirconium chloride (ZrCl 4 ), 2-amino-1,4-benzenedicarboxylic acid, N,N-dimethylformamide (DMF) and HCl were purchased from J&K Scientic (Shanghai, China). Methanol, ethanol, 2,2-azobisisobutyronitrile (AIBN, recrystallized in methanol before use) were purchased from Nanjing Chemical Reagent (Nanjing, China). Fused-silica capillaries with 150 mm I.D. and 375 mm O.D. were purchased from Yongnian Optic Fiber Plant (Hebei, China). Human serum was purchased from Shuangliu Zhenglong Chemical and Biological Research Laboratory (Sichuan, China). Ultrapure water, puried with a Milli-Q Advantage A10 (Millipore, Milford, MA, USA), was used to prepare all solutions. Other chemical reagents were of analytical grade.
Characterization
The chromatographic separations were performed on a TriSep 2100 system (Unimicro Technologies, Pleasanton, CA, USA). Scanning-electron microscopic (SEM) characterization was performed on a Hitachi FE-SEM S-4800 (Tokyo, Japan). Transmission electron microscopy (TEM) characterization was performed on a JEM-2100 system (JEOL, Tokyo, Japan). Nitrogen adsorption-desorption measurements were conducted at 77 K on an ASAP2020 instrument (Micromerities, Norcross, GA, USA). The surface area and the micropore volume were calculated by data the Brunauer-Emmett-Teller (BET) method using adsorption. The X-ray diffraction (XRD) patterns of samples were acquired on an D8-ADVANCEX diffractometer (BRUKER, German) with Cu Ka radiation in the 2q range of . MALDI-TOF MS analyses were carried out on a MALDI TOF/TOF Analyzer (Shimadzu/Kratos, Manches-ter, UK) with a pulsed nitrogen laser operated at 337 nm. The laser energy was adjusted to slightly above the threshold to obtain good resolution and signal-to-noise ratio (S/N). All mass spectra reported were obtained in the positive ion mode. The instrument was operated in reectron mode for peptide detection. A typical spectrum was obtained by averaging 3000 laser shots from 30 positions within the sample well. The accelerating voltage was 20 kV. The whole process was controlled by the 4000 series Explorer Soware V3.7.0. Data were processed using Data Explorer Soware version 3.7 (Applied Biosystems, Framingham, MA). The matrixes for MALDI-TOF MS were 20 mg mL
The lyophilized powder of analytes were rst dissolved in 2 mL of matrix solution and dropped onto the MALDI plate for MALDI-TOF MS analysis.
Synthesis of UiO-66
UiO-66 was prepared according to the procedures reported before [68] [69] [70] with minor modication. Briey, ZrCl 4 (0.080 g, 0.343 mmol), terephthalic acid (0.057 g, 0.343 mmol) and 0.6 mL acetic acid were mixed with 20 mL DMF in a Teon-lined bomb. The bomb was sealed and placed in an oven at 120 C for 24 h.
Aer cooling down to room temperature, the white precipitates were obtained by centrifugation. The obtained powders were isolated by centrifugation and washed rst with DMF (3 Â 30 mL) and then with ethanol (3 Â 30 mL). Finally, the product was dried under vacuum at 100 C overnight.
Preparation of UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column
The preparation procedure is also illustrated in Fig. 1A . Prior to the polymerization, the capillary was successively washed with NaOH (0.1 M), water, HCl (0.1 M), water and methanol respectively and then dried by passage of nitrogen gas. A solution of g-MAPS (50% v/v in methanol) was injected into the capillary, and then the capillary was sealed with rubber at both ends and submerged in a water bath at 50 C for 12 h. Finally, the capillary was washed with methanol to ush out the residual reagent and dried by passage of nitrogen gas overnight. The preparation of UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column was carried out through free radical reaction. Briey, a mixture containing UiO-66 (25 mg), MAA (40 mg), PEGDA (51 mg), PEG 200 (320 mg) and AIBN (1 mg) was vortexed for 5 min and sonicated for 20 min to obtain a homogeneous solution. Aer that, the mixture was manually introduced into the pretreated capillary of an appropriate length by a syringe. Aer both ends of the capillary were sealed with two pieces of rubbers, the polymerization reaction was carried out at 60 C for 12 h in the water bath. The resulting UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column was then ushed with 200 mL water and 100 mL methanol to remove the PEG and other residuals, respectively. For comparison, the blank monolithic column was prepared in parallel by adding PEG 200 instead of UiO-66 dispersion into polymerization mixture.
The preparation of large-sized monolith for characterization A UiO-66 incorporated poly(MAA-co-PEGDA) monolith was prepared in 1.5 mL centrifuge under otherwise identical conditions and cut into thin pieces. Then the pieces were rinsed with methanol using a Soxhlet extractor for 24 h and dried in vacuum at 60 C for 12 h. The prepared UiO-66 incorporated poly(MAA-co-PEGDA) monolith was used for nitrogen adsorption-desorption measurements and XRD.
Tryptic digestion of standard protein
The procedure for the tryptic digest of proteins (b-casein and BSA) used in the experiment was prepared as follows: 1 mg of protein was added to a centrifuge tube and dissolved in 1 mL of 100 mM NH 4 HCO 3 buffer solution (pH 8.2). Aer being heated in a water bath of 100 C for 10 min, the tube was cooled to room temperature. Then the protein solution was digested with trypsin for 24 h at 37 C (40 : 1, w/w). Finally, the resulting mixture was heated again to 100 C and kept for 10 min. The prepared protein digest solution was store at À20 C.
Selective enrichment of phosphopeptides
To prove the selectivity of the prepared UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column, the tryptic digestion of b-casein and two mixtures of tryptic digestion of b-casein and BSA (w/w, 1 : 100 and 1 : 1000) were used, respectively. A typical experimental procedure is shown in Fig. 1B . Monolithic column (150 mm I.D.) was rst equilibrated with 100 mL loading buffer (50% ACN/0.1% TFA) under the nitrogen pressure. Then the diluted protein digest solution of a certain concentration was continuously pumped through the column. Thereaer, the column was washed with 50 mL loading buffer in order to ush out the unbounded peptides. Then, the bound phosphopeptides were eluted with 5% ammonium hydroxide and collected in several tubes (5 mL each). Finally, the eluted phosphopeptides were vacuum freeze-dried and redissolved in 3 mL of DHB matrix solution before MALDI-TOF MS analysis. UiO-66 was rst ultrasonically dispread into the loading buffer (50% ACN/0.1% TFA), then 10 mL peptide solution was added to 100 mL of the above-mentioned solution. The tubes were shaken on a rotator for 20 min at room temperature. Other procedures were the same as those described above.
Tryptic digestion of proteins from nonfat milk
A volume of 30 mL of nonfat milk (Mengniu, China) was added into NH 4 HCO 3 (1 mL, 25 mM), and this solution was centrifuged at 13 000 rpm for 20 min. The supernatant was collected and then denatured at 100 C for 10 min. The supernatant was digested with trypsin (40 mg) at 37 C for 24 h. The prepared digest solution was stored at À20 C.
Selective enrichment of digested phosphopeptides from nonfat milk
The monolithic column (150 mm I.D.) was rst equilibrated with 100 mL loading buffer (50% ACN/0.1% TFA) under the nitrogen pressure. Then the diluted nonfat milk digest solution was continuously pumped through the column. Thereaer, the column was washed with loading buffer in order to ush out the unbounded peptides. Then, the bound phosphopeptides were eluted with 5% ammonium hydroxide and collected in several tubes (5 mL each). Finally, the eluted phosphopeptides were vacuum freeze-dried and redissolved in 4 mL of DHB matrix solution before MALDI-TOF MS analysis.
Selective enrichment of phosphopeptides from human serum 20 mL of human serum was diluted with pure water (120 mL) and denatured for 5 min in boiled water, then the diluted human serum (5 mL) was continuously pumped through UiO-66 incorporated poly(MAA-co-PEGDA). Aer the column was 
Results and discussion
Characterization of UiO-66
The XRD data of the synthesized UiO-66 is shown in Fig. 2 . It can be seen from the XRD pattern of UiO-66 that all diffraction peaks match well with the reported data in the ref. 70 , which suggest characteristic close packed structure. This result indicates that the UiO-66 has been successfully prepared. The TEM images shown in Fig. 3 reveal that the UiO-66 crystals had satisfactory dispersibility and relatively homogeneous size distribution. Based on the TEM images, the average diameter of UiO-66 was estimated to be about 60 nm. Clearly, the particle size of UiO-66 is relative small, being particularly advantageous for the preparation of MOFs-based monolithic column. The BET surface areas of UiO-66 was calculated to be 845 m 2 g À1 . The pore size of the obtained UiO-66 was determined to be 1.2 nm, corresponding to the tetrahedral and octahedral cages.
Characterization of UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column
In general, porogenic solvent served as a dual functional agent during the synthetic process, not only working as a porogen, but also inducing the phase separation. In this work, PEG was used as porogenic solvent because not only PEGDA can be dissolved in PEG but also UiO-66 can be well dispersed into PEG. The morphology of the prepared UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column was characterized by SEM. As shown in Fig. 4 , this MOFs-based monolith attached tightly with the inner wall of capillary and exhibited a well distributed open channel network. The existence of the characteristic signal of UiO-66 at 2q ¼ 5-10 in the XRD pattern of UiO-66 incorporated poly(MAA-co-PEGDA) monolith (Fig. 2) conrmed the successful preparation of MOFs-based monolithic column. In addition, the BET surface areas and the pore size of UiO-66 incorporated poly(MAA-co-PEGDA) monolith were calculated to be 375 m 2 g À1 , and 1.3 nm, which also showed the successful incorporation of UiO-66 into the monolith.
Selective enrichment of phosphopeptides from the tryptic digest of standard phosphoproteins
To investigate the applicability of the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column for the selective enrichment of phosphopeptides, tryptic digest of a standard phosphoprotein (e.g. bovine b-casein) was used as representative sample. Phosphopeptides from tryptic digest of b-casein was rst extracted using the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column. The extracted compounds were then eluted and the resulting solutions as well as the original sample were subject to MALDI-TOF MS analysis. As shown in Fig. 5A , for the direct analysis of b-casein tryptic digest, only one phosphopeptide with poor signal-to-noise (S/N) ratio was detected due to the relatively low concentration of phosphopeptides and severe signal suppression by the abundant nonphosphopeptides. In contrast, aer enrichment by the monolithic column, the signals of non-phosphopeptides were eliminated and three expected phosphopeptides (b1, b2, and b3)
were detected with strong MS signal intensities, along with their four dephosphorylated peptides (Fig. 5B) . The dephosphorylated peptides were likely formed during the MALDI ionization process. The structural details of the detected phosphopeptides from b-casein are given in Table 1 . These results well demonstrate the excellent selectivity of the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column towards phosphopeptides. In order to conrm the fact that the good selectivity stems from the UiO-66 rather than poly(MAA-co-PEGDA) monolith, MALDI-TOF mass spectra of the tryptic digest of b-casein aer enrichment by UiO-66 and poly(MAA-co-PEGDA) monolith were investigated, respectively. As shown in Fig. 6A , aer enrichment by UiO-66, the signals of non- phosphopeptides were eliminated and three expected phosphopeptides were detected with strong MS signal intensities, along with their four dephosphorylated peptides, which were in good agreement with those obtained by enrichment using UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column. In contrast, aer exaction by poly(MAA-co-PEGDA) monolith without UiO-66, no phosphopeptide was detected (Fig. 6B) . The results indicated that the good selectivity results from UiO-66 rather than poly(MAA-co-PEGDA) monolith.
To further evaluate the selectivity of the monolithic column for phosphopeptides under severe interference of nonphosphopeptides, a mixture of the tryptic digests of b-casein and BSA was used as the test sample. As depicted in Fig. 7A and 8A, the molar ratio of b-casein and BSA was 1 : 100 and 1 : 1000, respectively, nearly no phosphopeptide MS peak was detected and non-phosphopeptide peaks with high intensity dominated the spectrum through direct MS detection due to the serious signal suppression of the non-phosphorylated peptide peaks. As a comparison, aer extraction by the monolithic column, the S/ N ratio of phosphopeptides was signicantly improved, leading to the identication of three phosphopeptides and their ve dephosphorylated peptides (Fig. 7B and 8B ). These results conrm the ability of the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column for the selective enrichment of phosphopeptides from complex samples.
Application to real samples
To demonstrate the feasibility of the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column for the selective enrichment of low-abundance phosphopeptides from real samples, nonfat milk was used as a test sample. For direct analysis, only two peaks with low intensities for phosphopeptides were detected and non-phosphopeptides dominated the spectrum (Fig. 9A ). Aer enrichment with the monolithic column, six peaks of phosphopeptides could be distinctly observed with a clean background (Fig. 9B) . The detailed information of the detected phosphopeptides from the tryptic digests of nonfat milk is listed in Table 2 . The results indicate that the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column is capable of highly selective enrichment for phosphopeptides from complex real samples. In order to further evaluate the performance of the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column in selective enrichment of low-abundance phosphopeptides from a more complex sample, human serum was applied as real sample. For diluted human serum, as shown in Fig. 10A , only one phosphopeptide with weak MS signal intensity appeared owing to the low-abundance phosphopeptides and high salt content. Aer treatment with the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column, four peaks of phosphopeptides with higher MS intensities and a clean background can be clearly detected (Fig. 10B) . The detailed information of the four phosphopeptides from human serum is given in Table 3 . The results indicated that the UiO-66 incorporated poly(MAA-co-PEGDA) monolithic column is capable of highly selective trapping of phosphopeptides from a naturally obtained complex biological sample.
Conclusions
In this study, a UiO-66 incorporated poly(MAA-co-PEGDA) monolithic capillary was successfully prepared. The MOFsbased monolithic capillary has been successfully exploited as an efficient extraction sorbent for phosphopeptide enrichment owing to the signicant advantages, including excellent selectivity toward phosphopeptides and tolerance to interference of nonphosphopeptides. Off-line combination of UiO-66 incorporated poly(MAA-co-PEGDA) monolithic capillary-based enrichment with MALDI-TOF MS has been developed for the efficient phosphorylation analysis. The efficiency of this off-line platform has been demonstrated with the phosphorylation analysis of tryptic digestion of standard phosphoprotein and nonfat milk. We foresee such MOFs-containing monolithic capillaries and off-line platform could nd more promising applications in proteomic analysis.
